Optical cavities can enhance and control light-matter interactions. This level of control has recently been extended to the nanoscale with single emitter strong coupling even at room temperature using plasmonic nanostructures. However, emitters in static geometries, limit the ability to tune the coupling strength or to couple different emitters to the same cavity. Here, we present tip-enhanced strong coupling (TESC) with a nanocavity formed between a scanning plasmonic antenna tip and the substrate. By reversibly and dynamically addressing single quantum dots, we observe mode splitting up to 160 meV and anticrossing over a detuning range of~100 meV, and with subnanometer precision over the deep subdiffraction-limited mode volume. Thus, TESC enables previously inaccessible control over emitternanocavity coupling and mode volume based on near-field microscopy. This opens pathways to induce, probe, and control single-emitter plasmon hybrid quantum states for applications from optoelectronics to quantum information science at room temperature.
INTRODUCTION
Single quantum emitters in solids in the form of quantum dots (QDs), nitrogen vacancy centers, or engineered defects as artificial atoms have emerged as promising platforms for quantum sensing, metrology, and information processing (1) (2) (3) (4) . These quantum emitters can now be controlled using optical cavities to enhance the coupling strength g between emitters and cavity photons to the point where it exceeds the rates of quantum decoherence in the system. However, the diffraction limit restricts the mode volume V and thus the coupling strength gº1= ffiffiffiffi V p , which has so far required operation at cryogenic temperatures to overcome decoherence (5) (6) (7) (8) (9) .
As an alternative approach, plasmonic cavities with nanoscale mode volumes provide a promising platform for ultracompact cavity quantum electrodynamics (cQED) systems even at room temperature (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Specifically, QDs or molecules coupled strongly to plasmonic nanocavities give rise to a plexcitonic state as a hybrid state of a plasmon and an exciton (21) .
The observation of these plexcitonic states from single emitters was recently demonstrated with Rabi splitting in scattering spectra (16, 18) even at room temperature. However, in contrast to photoluminescence (PL), the discrimination of strong coupling from competing Fano-like interference effects can still be ambiguous in scattering (22) . In addition, once fabricated, the static QD nanocavity devices constrain tunability and control. Furthermore, because of their nanoscopic dimensions, the details of field confinement in these structures are not accessible to conventional microscopy. This limits the ability to measure, optimize, and control coupling and dissipation. Therefore, to expand the utility of this nanocavity approach, a nanoimaging-based implementation of plasmonic strong coupling is desired.
Here, we demonstrate tip-enhanced strong coupling (TESC) spectroscopy, imaging, and control based on scanning probe microscopy. A resonant plasmonic cavity with nanoscale mode volume of V/l 3 ≤ 10
is deterministically formed between a nano-optical antenna tip and a metal mirror substrate. Using this approach, we scan, locally address, and probe single QDs at room temperature, achieving clear, high-contrast plexcitonic PL with Rabi splitting up to 163 meV. We probe different QDs with exciton energies detuned from the plasmonic cavity over a range of~100 meV, thereby demonstrating anticrossing of the upper and lower polariton modes. In addition, on the basis of the precise subnanometer distance control of the tip, we spatially map and reversibly modulate the coupling strength over a range of up to 140 meV. This work extends a previous approach based on an engineered slot antenna on a tip to achieve strong coupling of single QDs near the slot (23) . However, the slot antenna limits the cavity mode volume and spatial resolution that can be obtained. Instead, in TESC, we use the inverse structure of a conical optical antenna nanotip to form a nanocavity between the tip and a metal mirror substrate. This eliminates the need to generate a nanogap on the tip itself ( Fig. 1 ) and provides for a greatly simplified and generalizable approach for active control of the confined nanocavity field over distances down to the atomic scale. The resulting improved signal quality and contrast in TESC with unambiguous twopeak splitting, anticrossing, and dynamical subnanometer control over interactions between a nanocavity and a single quantum emitter enables new methods to measure and control quantum state transfer, light-matter entanglement, and single-photon quantum gates.
TESC corresponds to a new paradigm of near-field optical microscopy. While previous near-field optical microscopy efforts have generally focused on a minimally invasive tip-sample interaction to obtain an unperturbed spectroscopic signature (24) , TESC moves from a traditionally nonperturbative to a strongly perturbative regime in which the tip acts as a nanocavity to induce, probe, and control quantum hybrid states for all-optical room temperature quantum metrology and sensing at the nanoscale.
TESC is the optical analog to recent advances in scanning tunneling microscopy based on strongly perturbing tip-induced electric or spin interactions to induce and probe previously unobserved quantum magnetic or quantum coherence effects in a localized and tunable fashion (25) (26) (27) .
with a thin Al 2 O 3 layer. The QDs are protected against photo-oxidation by another ultrathin 0.5-nm Al 2 O 3 capping layer and are characterized by atomic force microscopy (AFM) to confirm even dispersion of the particles (section S1 and fig. S1 ). The plasmonic Au tips are etched electrochemically (28) . Tip-enhanced photoluminescence (TEPL) spectra are recorded under continuous-wave (632.8 nm, ≤1 mW) resonant tip-surface plasmon polariton (SPP) and QD-exciton excitation, as illustrated in Fig. 1A (for details, see Methods). The tilted tip (35°with respect to the sample surface in this case) controls the tip-SPP resonance frequency and maximizes the field enhancement, as shown recently (29) . In the resulting plasmonic cavity, the corresponding SPP mode is most strongly bound in |E z |, as confirmed by finite-difference time-domain (FDTD) simulations (Fig. 1, B and C). Sample scanning and tip-sample distance are controlled with 0.2-nm precision using a shear-force AFM. All experiments are performed at room temperature. Figure 1D shows a schematic energy diagram for the plasmon (red), exciton (blue), and their hybridized plexciton (green) with upper |UP〉 and lower polariton |LP〉 states. When the coupling strength g between the cavity plasmon and the QD exciton exceeds the SPP loss rate, g SP , i.e., g > g SP 2 , quantum mixed states of the plexciton give rise to Rabi splitting in the TEPL spectra or, equivalently, a reversible Rabi oscillation between the plasmon and exciton. In contrast, in the weak coupling regime (g < g SP 2 ), the usual primarily radiative relaxation with enhanced PL intensity (orange) attributed to the plasmonic Purcell effect is observed at the exciton frequency (30) .
We first characterize the emission properties of the uncoupled QD excitons in the far field, as shown by the PL spectrum (blue) in Fig. 2A . Independently, we characterize the tip surface nanocavity through its tip-SPP emission (31) (red), with the tip retracted to~3 nm from a clean Au mirror substrate without QDs. From fitting to a Lorentzian line shape function, corresponding peak energies (w QD = 1.856 eV and w SP = 1.912 eV) and linewidths (g QD = 0.097 ± 0.002 eV and g SP = 0.126 ± 0.002 eV) are derived (section S2 and fig. S2 ). We note that w SP is expected to red-shift in the presence of the QD due to modification of the effective dielectric environment in the nanocavity (32) . This is beneficial for increasing spectral overlap of SPP and QD resonances. We then scan and position the tip directly over an individual QD and measure its TEPL response coupled to the plasmonic cavity. In a series of experiments for different QDs with the same tip, we observe TEPL spectra across a wide range of coupling strengths due to the random dipole orientation of the different QDs on the mirror substrate, as shown in Fig. 2A . Weak coupling leads only to enhanced PL with spectral broadening, with w weak = 1.860 eV and g weak = 0.118 eV (orange), essentially identical to the unperturbed QD exciton peak. In contrast, in the strong coupling regime (green), for QDs with an out-of-plane transition dipole moment (TDM) with respect to the surface, a qualitatively different behavior with peak splitting and intensity enhancement is observed.
We fit the observed TEPL intensity spectra I PL (w) using a coupled harmonic oscillator model in the Weisskopf-Wigner approximation for an impulsively excited emitter, given by (33)
Here, g SP and g QD are the decay rates; w SP and w QD are the resonance frequencies of the plasmon mode and QD, respectively; and W is the vacuum Rabi frequency (for details, see section S3). The corresponding coupling strength g can then be obtained from the fit parameters (section S4) as
For the example shown in Fig. 2A , we obtain a coupling strength of g ∼ 143 meV > g SP 2 , i.e., well in the strong coupling regime. More extended theoretical models that take into account both plasmonic and QD losses reproduce the same spectral behavior of our experimental data (34, 35) .
The Raman peak of Al 2 O 3 ( n = 1.897 eV) observed in the far-field PL spectrum is not discernible in the TEPL spectra. This is because of the sparse distribution of QDs compared to the large area of Al 2 O 3 coverage that contributes to the far-field signal.
Figure 2B (top) shows the PL evolution of the uncoupled QD, which exhibits the spectral diffusion and blinking behavior that are generally observed for different QDs. The plexciton TEPL spectra in , and upper and lower polariton states (green) with PL energy in the weak (orange) and strong (green) coupling regimes. When the coupling exceeds system losses, the split polariton states emerge and the system begins to undergo Rabi splittings and Rabi oscillations, as illustrated above. Fig. 2B (bottom) reveal a similar intensity fluctuation and no notable changes in coupling strength, which confirms that the tip-sample distance is precisely controlled in our experiments. In addition, the result shows that the typical blinking due to, e.g., nonradiative Auger recombination and/or thermalization processes (36) still occurs in the strong coupling regime.
As an important control experiment, we can vary the field enhancement in the |E z | direction through rotation of the incident laser polarization. For a QD with an out-of-plane TDM, for polarization parallel with respect to the tip axis, plexciton formation and emission (green) are induced, as shown in Fig. 2C . In contrast, for perpendicular polarization, only the tip plasmon PL is observed (red). This clear contrast concurs with three-dimensional (3D) FDTD simulations for the given experimental conditions, which show that the excitation polarization parallel with respect to the tip gives rise to an~800-fold field intensity enhancement compared to polarization perpendicular with respect to the tip (see fig. S3 ), and which confirm the well-defined nature of the plasmonic nanocavity.
We next model the spectra and the observed Rabi splitting based on finite element method (FEM) calculations (37) . In these models, the QD is treated as a dielectric nanoparticle with oscillator strength f~0.8, a value that yields the best agreement with experimental observations (Fig. 2, A and C ) and is consistent with recent work (18) . Approximating the plasmonic antenna tip as a finite length ellipsoid, the resulting simulated scattering spectrum, as shown in Fig. 2D , exhibits the expected splitting of the hybridized state with g~121 meV, in good agreement with the experiment (section S5).
As the tip interacts with different QDs in a large-area scan, we observe variations in plexciton coupling strength ranging from 70 meV (at the threshold for strong coupling) to 163 meV (well into the strong coupling regime), as shown in Fig. 3A . Because CdSe QDs have a TDM (m QD ) oriented perpendicular to the crystallographic c axis of the nanocrystal (38) , this variation can be described by the different orientations of QDs, which modify the coupling strength with the cavity |E z | field (39), given by g ≈ |m QD ‖E z |cosq, where q denotes the angle between the TDM and the surface normal. In addition to the QD orientation, the inevitable inhomogeneities in local QD environment, e.g., different Al 2 O 3 layer thickness and roughness of the Au film, also give rise to variations in g values, but likely to a lesser degree.
In addition to the observed variation in coupling strength for different QDs, we also measure slightly different resonance frequencies for each QD due to variations in QD size and shape, which correspond to varying amount of spectral detuning from the plasmon resonance. Localizing 21 different QDs, we measure their TEPL spectra and determine the corresponding mode energies of the |UP〉 and |LP〉 branches and the QD energy detuning (w SP − w QD ) by fitting to Eq. 1. With the nanocavity characterized by fixed w SP = 1.850 eV and G SP = 0.160 ± 0.010 eV and identical for all QDs, and the narrow range of QD linewidth of G QD = 0.090 ± 0.010 eV for all QDs, the data can be fit with the QD resonance frequencies w QD and the coupling strength g as the only free parameters (see section S4 for fitted values). The resulting dispersion of the|UP〉 and|LP〉 branches for each of the 21 QDs is plotted in Fig. 3B (circles) as a function of the detuning value, with color scale representing their corresponding g value obtained. A clear anticrossing is observed as shown in comparison with the expected cavity dispersion curve (red) and average QD energy (blue).
The data scatter in energy is caused by a variation in g from 107 to 152 meV. The corresponding set of plexciton energy dispersions calculated for each QD using eq. S1 (section S3) is shown in Fig. 3B as solid lines. This ability to measure individual QDs over a range of detuning values with a single plasmonic nanocavity demonstrates the distinct advantage of TESC spectroscopy.
In addition, TESC provides the ability to tune the coupling strength and control the nanocavity mode volume in interaction with an individual emitter. As an example, Fig. 4A shows the transition into the strong coupling regime with a steady increase in Rabi splitting up to g ∼ 140 meV as we laterally scan the tip toward a QD over a length scale defined by the tip radius. Conversely, vertical tip-sample distance control with subnanometer precision shown in Fig. 4B reflects the extreme spatial confinement with decreasing gap width (40) . The shorter length scale compared to lateral tip-QD separation is due to the rapid decrease in coupling strength g. Figure 4 (C and D) shows the corresponding tip-QD distance dependence of the coupling strength g and Rabi frequency W derived from Fig. 4 (A and B) (for details and corresponding values for w SP and w QD , see section S4). On the basis of these results, the optical mode volume V/l 3 of the plasmonic nanocavity is estimated to be ≤10 −6 , consistent with the expectation from the |E x | and |E z | field distribution calculation (V ∼10 3 nm 3 ), as seen in Fig. 1 (B and C) and can readily be further reduced by using tips of smaller radius (41, 42) .
In contrast to conventional cavities that interact in the far field, the presence of the emitter strongly modifies the mode volume, polarization distribution, and loss rate of a nano-optical cavity. While this complicates quantification and modeling of these properties, the emitter-cavity back-action provides previously unexplored control degrees of freedom, and scanning the nanocavity provides a way to determine its characteristics through TESC imaging.
DISCUSSION
In the following, we compare our result with recent studies on strong coupling of single emitters using plasmonic nanocavities. To date, most strong coupling studies have relied on multiple (n) emitters in the form of J-aggregates (43) to induce a large collective effect (gº ffiffiffiffiffiffiffiffiffi n=V p ). However, multiple emitters are impracticable for applications in quantum gates (44) and entanglement (45) because they exhibit an equidistant energy spectrum that is identical to a classical system. This means that the nonlinear optical properties of multiple emitters are qualitatively different than the single emitter case (46) . However, the observation of peak splitting in scattering spectra from single emitters (16, 18) is not sufficient to ensure strong coupling, as other effects such as Fanolike interference can lead to nearly identical spectral features (22, 43) . Probing strong coupling plexciton emission in the form of, e.g., PL of a single emitter overcomes these issues and provides unambiguous evidence of strong coupling for applications in quantum information and photonic quantum devices. However, the recent work using PL to probe strong coupling of a single QD coupled to a plasmonic slot structure (23) led to convoluted spectra with large background and competing interactions.
In contrast, our approach of TESC uses a combination of several enabling features that allow us to induce, image, and control singleemitter plexciton PL at room temperature with the following beneficial attributes. First, on the basis of the inverse geometry (47) , instead of a nanogap in the tip itself, we induce the nanocavity between the tip and the sample, which provides tunable coupling and ultrasmall mode volumes (section S6). Second, with the tilted tip and thus spectrally controlled SPP, the field enhancement is further increased by suppressing the overdamped resonance of a conventional surface-normal oriented tip (29) . Third, near-field coupling and polarization transfer to the tip with its few-femtosecond radiative lifetime (31) at the subnanometer gap between the tip and QD outcompetes the otherwise dominant nonradiative damping of a QD near a metallic surface (48) .
CONCLUSION
Single emitters strongly coupled to nanophotonic modes are emerging as a promising enabling technology for nonlinear optics (49) and quantum information processing (50, 51) at the single-photon level. Our demonstration of TESC of single QD plexciton PL opens a new paradigm of perturbative near-field microscopy in the quantum limit that can be generalized to any optical modality. Specifically, the ability to rapidly and reversibly change the coupling strength through nanoscale tip positioning provides a new means of tuning these quantum-optical interfaces, providing a degree of functionality to control quantum dynamics. TESC can be extended further by using emitters with larger TDM, tips that provide smaller mode volume, and nanoplasmonic tip engineering to optimize the plasmon resonance. It is not limited to plexciton control and can be applied to a variety of quantum states ranging from exciton-polariton Bose-Einstein condensates (52) to infrared vibrational resonances (53) . Furthermore, it enables active and dynamic control of photochemical pathways in chemically diverse species (54-56) at the single-molecule level.
MATERIALS AND METHODS

Sample preparation
Commercially available CdSe/ZnS QDs (900249-1ML; Sigma-Aldrich) were stabilized with octadecylamine ligands in toluene. The QDs were drop-casted on an Au film coated with Al 2 O 3 and blown off by air after 10 to 20 s to avoid aggregation. From AFM imaging, we verified that the density of the QDs on the surface was ∼5 dots in a 1 mm by 1 mm window and that they were well dispersed. Atomic layer deposition (ALD) was used to deposit the base and capping layers of Al 2 O 3 using trimethylaluminum (TMA) and water as precursors. Depositions were performed in a custom-built flow tube reactor. The base layers were deposited at 200°C, while the capping layers were deposited at 80°C to avoid thermal degradation of the QDs. Depositions occurred under a steady flow of N 2 . Each ALD cycle consisted of 0.1 s of TMA pulse, 30 s of N 2 purge, 0.5 s of water pulse, and 30 s of N 2 purge. The growth rates of Al 2 O 3 were ∼0.1 nm per cycle at 200°C and ∼0.08 nm per cycle at 80°C. The number of ALD cycles was adjusted accordingly to achieve the desired dielectric film thickness. The film thickness was confirmed via spectroscopic ellipsometry (alpha-SE, J.A. Woollam) measurements on companion Si wafers.
TESC spectroscopy setup
In the TESC spectroscopy setup, the sample was mounted to a piezoelectric transducer (PZT, P-611.3, Physik Instrumente) with subnanometer precision positioning below an electrically driven and controlled quartz tuning fork (resonance frequency, 32 kHz), which was used to regulate the tip-sample distance using AFM shear-force amplitude feedback (57) . Electrochemically etched Au tips (~5-to 10-nm apex radius) were attached to the tuning fork and coarsely positioned using a stepper motor (MX25, Mechonics AG), and shearforce feedback and sample positioning were controlled with a digital AFM controller (R9, RHK Technology). In the TESC spectroscopy setup, the sample was mounted at a 35°angle to the tip axis to maximize the electric field confinement (29) . Excitation was provided by a heliumneon laser beam (632.8 nm, ≤1 mW) with a half-wave plate for polarization control that was focused onto the tip-sample interface using an objective lens (numerical aperture, 0.8; LMPLFLN100×; Olympus). PL signal was collected in a backscattering geometry, passed through a dichroic mirror with a 633-nm cutoff, and sent to a spectrometer ( f = 500 mm, SpectraPro 500i, Princeton Instruments) with a thermoelectrically cooled, electron-multiplied, charge-coupled device (ProEM+: 1600 eXcelon3, Princeton Instruments). The spectrometer was calibrated using a hydrogen mercury lamp, and a 150 g/mm grating blazed for 800 nm was used to provide high-bandwidth spectral information.
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